Submitted to the 32nd International Conference on High Energy Physics August 16 - 22, 2004, Beijing, China

Abstract: 10-0273 Session: HadronSpectr

Cross section measurements of a narrow baryonic state decaying to K^0_S p and K^0_S p̄ in deep inelastic scattering at HERA

ZEUS Collaboration

Abstract

Recent results from the ZEUS experiment have provided evidence for a narrow baryon resonance decaying to K^0_S p (p̄), interpreted as a pentaquark (antipentaquark). The measurement was performed in the central rapidity region of inclusive deep inelastic scattering at an ep centre-of-mass energy of 300-318 GeV for exchanged photon virtuality, Q^2, above 20 GeV^2. This study extends the previous analysis by presenting cross-section measurements for Θ^+ production and decay. The cross sections were compared in bins of Q^2_{min} to those of Λ baryons produced in the same kinematic region.

1 Introduction

Cross sections provide valuable information on the production mechanism of identified hadrons. Hence, a cross section measurement is especially important for the predicted pentaquark candidate, Θ^+, which has the quark content ududs̄. This baryonic state has been observed by a number of experiments [1] in the K^+n and K^0_S p invariant mass spectra, with a mass near 1530 MeV and a width close to the respective experimental resolutions. The resonance decaying to K^0_S p in ep collisions, reported by ZEUS [2], is the first evidence of a possible five quark state in the kinematic region dominated by fragmentation of quarks and gluons produced in high-energy colliding experiments. Therefore, information on the Θ^+ production rate in such an environment is especially significant. In this paper, Θ^+ baryon cross sections are reported along with their ratios to those of a more conventional three-quark baryonic state, Λ(1116).

2 Experimental setup

ZEUS is a multipurpose detector described in detail elsewhere [3]. The main components used in the present study are the central tracking detector (CTD) and the uraniumscintillator calorimeter (CAL). The CTD [4] is a cylindrical drift chamber with nine super-layers covering a polar-angle^1 region 15^o < θ < 164^o and a radial range 18.2 − 79.4 cm. The transverse-momentum resolution for charged tracks traversing all CTD layers is σ(p_T )/p_T = 0.0058p_T ⊕ 0.0065 ⊕ 0.0014/p_T , with p_T in GeV.

Surrouding the CTD is the CAL [5]. Longitudinally segmented into electromagnetic and hadronic sections, the CAL is divided into three parts: forward, barrel and rear. The energy resolution of the CAL under test-beam conditions is σ_E /E = 0.18/ √ E for electrons and σ_E /E = 0.35/ √ E for hadrons, with E in GeV.

The luminosity was measured using the bremsstrahlung process ep → epγ with the luminosity monitor [6], a lead-scintillator calorimeter placed in the HERA tunnel at Z =-107m.

3 Data sample

The data sample corresponds to an integrated luminosity of 121 pb^{−1}, collected by HERA during the running period 1996-2000, at √ s = 300, 318 GeV.

1 The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the proton beam direction, referred to as the “forward direction”, and the X axis pointing left toward the center of HERA. The coordinate origin is at the nominal interaction point.

The analysis uses deep inelastic scattering (DIS) events measured with exchanged-photon virtuality Q^2 ≥ 20 GeV^2, as reported in the previous publication [2]. The Bjorken scaling variables x and y, as well as Q^2, were reconstructed using the electron method (denoted by the subscript e). In addition, both the double angle (DA) [7] and the Jacquet-Blondel (JB) [8] methods were used. While the first relies on the angles of the scattered electron or positron^2 and of the hadronic energy flow, the latter is based entirely on measurements of the hadronic system. The scattered-electron candidate was identified from the pattern of energy deposits in the CAL [9].

The following cuts were used to select DIS events:

• E_e′ ≥ 10 GeV, where E_e′ is the corrected energy of the scattered electron measured in the CAL;

• 38 ≤ δ ≤ 60 GeV, where δ = ∑ E_i(1 − cos θ_i), E_i is the energy of the ith calorimeter cell, the smallest subdivision of the CAL, and θ_i is its polar angle with respect to the beam axis and the sum runs over all cells;

• a primary vertex position, determined from the tracks fitted to the vertex, in the range | Z_{vertex} |< 50 cm;

• Q^2_e ≥ 20 GeV^2;

• at least one secondary vertex in the event.

The charged tracks were selected in the CTD with transverse momentum, p_T ≥ 0.15 GeV and pseudorapidity, |η| ≤ 1.75, restricting this study to a region where the CTD track acceptance and resolution are high. The total number of K^0_S with p_T (K^0_S ) > 0.3 GeV and |η(K^0_S)| < 1.5, identified using the K^0_S → π^+π^− decay mode, was 170,000. To eliminate contamination from Λ(Λ̄) decays, candidates with a proton-pion mass hypothesis M(p π) < 1121 MeV were rejected.

The (anti)proton-candidate selection used the energy-loss measurement in the CTD, dE/dx. The K^0_S p(p̄) invariant mass distribution was obtained by combining K^0_S candidates in the mass region 483−513 MeV with (anti)proton candidates in the (anti)proton dE/dx band. Only primary-vertex tracks with more than 40 CTD hits were used to ensure a good dE/dx measurement. The tracks were then selected by requiring f ≤ dE/dx ≤ F , where f and F , motivated by the Bethe-Bloch equation, are the functions: f = 0.35/p^2 + 0.8, F = 1.0/p^2 + 1.2 (for positive tracks) and f = 0.3/p^2 + 0.8, F = 0.75/p^2 + 1.2 (for negative tracks), where p is the total track momentum in GeV. In addition, this band was restricted to p < 1.5 GeV and dE/dx > 1.15 mips in order to reduce the pion background. The CTD resolution for the K^0_S p (p̄) invariant-mass near 1530 MeV, estimated using

2 Hereafter, both e^+ and e^− are referred to as electrons, unless explicitly stated otherwise.

Monte Carlo simulations, was 2.4 ± 0.2 MeV for both the K^0_S p and the K^0_S p̄ channels. Figure 1 shows the K^0_S p (p̄) invariant mass for different values of the minimum Q^2 cut for Q^2 > Q^2_{min} = 20, 30, 40, 50 GeV^2.

For the cross-section ratio of σ(Θ^+ → K^0p) to σ(Λ(1116)), the Λ-baryons were selected in the decay mode Λ → pπ^−. All events were required to have at least one track selected with the dE/dx cut, exactly as in the reconstruction of the Θ^+ state^3. The uncertainties in the Monte Carlo simulation of the dE/dx cancel in the ratio σ(Θ^+ → K^0p)/σ(Λ). The Λ cross sections were also cross-checked using an independent selection in which all events were required to have at least one secondary vertex and the momentum of the proton candidate was required to be larger than that of the pion. The cross-sections calculated with the two methods agree within 5-12% and the difference was used in the estimation of the systematic uncertainties.

In the event that Monte Carlo simulation might not adequately reproduce the energyloss measurement in the CTD, a comparison of the Λ cross sections obtained using the secondary-vertex method and the dE/dx method was used to estimate systematical uncertainties due to the latter method in the Θ^+ cross-section evaluation.

4 Cross sections and Monte Carlo simulations

The cross sections for Θ^+ → K^0p and Λ (and their antiparticles) were measured in the kinematic region Q^2 ≥ 20 GeV^2, p_T > 0.5 GeV, |η| < 1.5 and 0.04 < y < 0.95. The cross sections were determined by N/(A · L · BR) where N is the number of reconstructed Θ^+ or Λ events, A is the acceptance, L is the integrated luminosity and BR is the branching ratio. The acceptance is defined by the number of reconstructed Θ^+(Λ) divided by the number of generated Θ^+ → K^0p(Λ → pπ) and takes into account migrations, efficiencies and radiative effects. The branching ratios for K^0 → K^0_S → π^+π^− and Λ → pπ^+ were taken from the PDG [10].

The number of reconstructed Θ^+ events were determined using a fit with a three-parameter polynomial plus two gaussians with the width of the 1522 MeV Gaussian fixed to 6 MeV [2]. Fig. 1 shows the fit on top of the K^0_S p (p̄) invariant-mass spectra. For Λ reconstruction, a single-gaussian fit was used with a second-order polynomial function for the description of the background.

The acceptances were calculated using the Rapgap 4.08 [11] and Ariadne [12] Monte Carlo (MC) models. The models were interfaced to Heracles 4.5.2 [13] in order to incorporate first-order electroweak corrections. The generated events were then passed

3 The requirement that a track should originate from primary vertex was not used.

through a full simulation of the detector using Geant 3.13 [14] and processed and selected with the same programs as used for the data.

The acceptance correction for Θ^+ was calculated using the Rapgap model whereby Σ^+ baryons were assumed to be Θ^+ baryons with a mass of 1522 MeV, which were forced to decay, with 100% branching ratio, to the K^0p (p̄) final state. The overall acceptance for Q^2 ≥ 20 GeV^2, 0.04 < y < 0.95, p_T > 0.5 GeV and |η| < 1.5 for the Θ^+ was around 4%. For the Λ-baryons, the Ariadne model for fully inclusive DIS was used. The acceptance correction was found to be approximately 10%.

5 Experimental uncertainties

The systematic uncertainties on the measured cross sections were determined by changing the selection cuts or analysis procedure. The following sources were considered, with the uncertainty for the Θ^+ cross section, calculated for Q^2_{min} = 20 GeV^2, given in parentheses:

• event reconstruction and selection. Systematic checks were performed by varying the cuts on y_{JB}, δ and the vertex position requirement (< 5%). The electron method was replaced by the double angle method (+21%). Other DIS-selection cuts were found to have a negligible effect on the final cross sections;

• uncertainties related to the Θ^+ reconstruction. The width of the Gaussian distribution was not fixed (−6%). The double Gaussian fit was replaced by a single Gaussian fit (−17%). The bin size was raised and lowered by 1 MeV (< 5%); the log-likelihood method was used for the fitting procedure instead of the χ^2 method (< 3%). The Θ^+ p_T spectrum is harder for data than for MC simulation, hence the Rapgap p_T distribution was re-weighted to obtain a good agreement with the measured spectrum (+11%).

• uncertainties related to both Θ^+ and Λ reconstruction. The dE/dx cut was increased to 1.2 mips (−12%). The maximum momentum of protons was increased to 1.7 GeV (+11%). The dE/dx band in the Monte Carlo was varied to match the momentum distribution in the data (+10%). The Λ cross section was reconstructed using the secondary vertex algorithm. The difference between Λ cross sections obtained using the dE/dx and the secondary-vertex methods was included in the Θ^+ cross section (−12%).

The overall systematic uncertainty was determined by adding the above uncertainties in quadrature. The normalisation uncertainties due to the luminosity measurement error, and those due to the Λ and K^0_S decay branching ratios [10] were not included in the systematic uncertainties.

6 Results

The cross section for the Θ^+ baryons and their antiparticles measured in the kinematic region given by Q^2 ≥ 20 GeV^2, 0.04 < y < 0.95, p_T > 0.5 GeV and |η| < 1.5 was:

σ(e^±p → e^± Θ^+ X → e^± K^0p X) = 125 ± 27(stat.)^{+36}_{−28}(syst.) pb.

Figure 2 shows the cross section integrated above Q^2_{min}. Figure 3 shows the ratio of this cross section to that of the Λ cross section integrated above Q^2_{min}, where the ratio, defined in the same kinematic region as above, is

ratio = σ(e^±p → e^± Θ^+ X → e^± K^0p X) σ(e^±p → e^±ΛX) . This ratio, for Q^2_{min} = 20 GeV^2, is 4.2 ± 0.9(stat.)^{+1.2}_{−0.9}(syst.)% and, in the current data, shows no significant dependence on Q^2_{min}. Since the Θ^+ has other decay channels in addition to Θ^+ → K^0p, this ratio sets a lower limit on the production rate of the Θ^+ to that of the Λ-baryon.

References

[1] LEPS Coll., T. Nakano et al., Phys. Rev. Lett. 91, 012002 (2003);

SAPHIR Coll., J. Barth et al., Phys. Lett. B 572, 127 (2003); CLAS Coll., V. Kubarovsky et al., Phys. Rev. Lett. 91, 252001 (2003); CLAS Coll., V. Kubarovsky et al., Phys. Rev. Lett. 92, 032001 (2004). Erratum; ibid, 049902;

DIANA Coll., V.V. Barmin et al., Phys. Atom. Nucl 66, 1715 (2003); A.E. Asratyan, A.G. Dolgolenko, M.A. Kubantsev, Preprint hep-ex/0309042, 2003; SVD Coll., A. Aleev et al., Preprint hep-ex/0401024, 2004; HERMES Coll., A. Airapetian et al., Phys. Lett. B 585, 213 (2004); COSY-TOF Coll., M. Abdel-Bary et al., Preprint hep-ex/0403011, 2004.

[2] ZEUS Coll., S. Chekanov et al., Phys. Lett. B591, 7 (2004). [3] ZEUS Coll., U. Holm (ed.), The ZEUS Detector. Status Report (unpublished), DESY (1993), available on http://www-zeus.desy.de/bluebook/bluebook.html.

[4] N. Harnew et al., Nucl. Inst. Meth. A 279, 290 (1989);

B. Foster et al., Nucl. Phys. Proc. Suppl. B 32, 181 (1993); B. Foster et al., Nucl. Inst. Meth. A 338, 254 (1994).

[5] M. Derrick et al., Nucl. Inst. Meth. A 309, 77 (1991);

A. Andresen et al., Nucl. Inst. Meth. A 309, 101 (1991); A. Caldwell et al., Nucl. Inst. Meth. A 321, 356 (1992); A. Bernstein et al., Nucl. Inst. Meth. A 336, 23 (1993).

[6] J. Andruszków et al., Preprint DESY-92-066, DESY, 1992.

[7] S. Bentvelsen, J. Engelen and P. Kooijman, Proc. Workshop on Physics at HERA, W. Buchmüller and G. Ingelman (eds.), Vol. 1, p. 23. Hamburg, Germany, DESY (1992).

[8] F. Jacquet and A. Blondel, Proceedings of the Study for an ep Facility for Europe, U. Amaldi (ed.), p. 391. Hamburg, Germany (1979). Also in preprint DESY 79/48.

[9] H. Abramowicz, A. Caldwell and R. Sinkus, Nucl. Inst. Meth. A 365, 508 (1995). [10] Particle Data Group, K. Hagiwara et al., Phys. Rev. D 66, 010001 (2002). [11] H. Jung, Comp. Phys. Comm. 86, 147 (1995). [12] L. Lönnblad, Comp. Phys. Comm. 71, 15 (1992).

[13] A. Kwiatkowski, H. Spiesberger and H.-J. Möhring, Comp. Phys. Comm.

69, 155 (1992). Also in Proc. Workshop Physics at HERA, 1991, DESY, Hamburg. [14] R. Brun et al., geant3, Technical Report CERN-DD/EE/84-1, CERN, 1987.

Figure 1: Invariant-mass spectra for the K^0_S p (p̄) channel as functions of Q^2_{min}. The solid line is the result of a fit to the data using a threshold background plus two Gaussians. The dashed line shows the background component of the fits. The width of the Gaussian describing the signal at 1522 MeV was fixed to 6 MeV .

Figure 2: Cross sections for the 1522 MeV baryonic state decaying to K^0p (p̄), measured in the kinematic region given by 0.04 < y < 0.95, p_T > 0.5 GeV and |η| < 1.5, integrated above Q^2_{min}.

Figure 3: Ratio of the cross section σ(Θ^+ → K^0p (p̄)) shown in Fig. 1 to the inclusive Λ cross section, σ(Λ + Λ̄), measured in the kinematic region given by 0.04 < y < 0.95, p_T > 0.5 GeV and |η| < 1.5, integrated above Q^2_{min}.